Objective: The study sought to review recent literature regarding use of speech recognition (SR) technology for clinical documentation and to understand the impact of SR on document accuracy, provider efficiency, institutional cost, and more. Materials and Methods: We searched 10 scientific and medical literature databases to find articles about clinician use of SR for documentation published between January 1, 1990, and October 15, 2018. We annotated included articles with their research topic(s), medical domain(s), and SR system(s) evaluated and analyzed the results. Results: One hundred twenty-two articles were included. Forty-eight (39.3%) involved the radiology department exclusively and 10 (8.2%) involved emergency medicine; 10 (8.2%) mentioned multiple departments. Fortyeight (39.3%) articles studied productivity; 20 (16.4%) studied the effect of SR on documentation time, with mixed findings. Decreased turnaround time was reported in all 19 (15.6%) studies in which it was evaluated. Twenty-nine (23.8%) studies conducted error analyses, though various evaluation metrics were used. Reported percentage of documents with errors ranged from 4.8% to 71%; reported word error rates ranged from 7.4% to 38.7%. Seven (5.7%) studies assessed documentation-associated costs; 5 reported decreases and 2 reported increases. Many studies (44.3%) used products by Nuance Communications. Other vendors included IBM (9.0%) and Philips (6.6%); 7 (5.7%) used self-developed systems. Conclusion: Despite widespread use of SR for clinical documentation, research on this topic remains largely heterogeneous, often using different evaluation metrics with mixed findings. Further, that SR-assisted documentation has become increasingly common in clinical settings beyond radiology warrants further investigation of its use and effectiveness in these settings.
INTRODUCTION
Clinician use of speech recognition (SR) technology for clinical documentation has increased in recent years. A recent survey reported that more than 90% of hospitals plan to expand their use of front-end SR systems (ie, direct dictation into free-text fields of the electronic health record [EHR] ) in the coming years. 1 As SR-assisted documentation has become more prevalent, there has been a simultaneous increase in research studying the effect of this technology on clinicians' workflow and medical practice. A comprehensive systematic review is needed to analyze and summarize relevant studies, identify knowledge gaps, and shed light on possible future research directions.
BACKGROUND AND SIGNIFICANCE
Several literature reviews about clinicians' SR use have been published over the past decade. [2] [3] [4] [5] [6] A 2008 review of the use and evaluation of SR technology in hospital settings found that SR was most commonly used to assist in clinical documentation, although it was also used for interactive voice response systems, controlling medical equipment, and automatic translation systems. 2 It also noted a lack of comprehensive, standardized methods for evaluating SR performance and utility, particularly those capable of considering the diverse clinical environments in which SR is used. This is a continuing problem, demonstrated by a 2015 review of SR in the radiology department, which found substantial heterogeneity across reviewed studies. 4 Nevertheless, existing literature reveals a number of trends regarding the impact of SR on report turnaround time and accuracy. In a 2014 review of SR use in healthcare applications, of the 14 studies included, most evaluated productivity, which typically improved following SR adoption, and report accuracy, which was generally lower with SR than with other documentation methods. 3 Hodgson and Coiera 6 found a similar trend, with mean errors per report tending to be higher for reports created with SR compared with those created with traditional dictation and transcription. Previous reviews included approximately 15-45 articles and often focused on a specific aspect of SR-assisted documentation, such as effect on productivity or accuracy. 4, 7, 8 Although there is overlap in the time periods of this review and others, the present review includes over 120 articles from 10 scientific and medical literature databases relating to multiple aspects of SR-assisted clinical documentation over the past 3 decades. This broad scope reflects our aim to identify primary research questions pertaining to clinicians' use of SR for documentation, review major findings related to these questions, determine existing knowledge gaps and challenges, and ultimately propose specific areas we believe present significant opportunities for future research.
MATERIALS AND METHODS

Data sources and searches
This review was conducted in compliance with the 2009 PRISMA (Preferred Reporting Items for Systematic Reviews and MetaAnalyses) statement. 9 We conducted systematic database searches to retrieve articles published from database inception through October 15, 2018. Databases searched include PubMed, the Cumulative Index to Nursing and Allied Health Literature, Web of Science, Association for Computing Machinery Digital Library, IEEE Xplore, ScienceDirect, MEDLINE, the Cochrane Database of Systematic Reviews, PsycINFO, and Scopus. We iteratively built and refined the search statements between April and June of 2017. We subsequently reviewed the references of included articles to identify articles missed by database searching. The final search statements and number of articles yielded are available in Supplementary Appendix A.
Inclusion and exclusion criteria
Inclusion in the review required that all of the following criteria be met: (1) the article was written in English; (2) the article included metadata (authors, title, publication year) and an abstract; (3) the article was published between January 1, 1990, and October 15, 2018 (SR was not widely used for clinical documentation until the late 1980s); and (4) the abstract mentioned speech or voice recognition, a medical setting, and use of SR for documentation or similar purposes (ie, it was not being used for therapy or interactive voice control systems). Prior literature reviews were excluded from analysis.
Article selection and annotation
Search results from each database were exported, and the title, author(s), journal title or conference name, and publication year were extracted. Duplicate articles were removed. A preliminary screening was conducted to exclude articles failing to meet all inclusion criteria. Two authors (SB, JH) read the abstracts of all remaining articles, writing a brief summary of each and manually consolidating the summaries into a set of 19 research topics (Table 1) .
Each article was then annotated by 2 reviewers with its research topic(s), medical domain, and SR system(s) evaluated, if applicable. Articles could be assigned up to 3 research topics. Disagreements between reviewers were resolved through discussion.
RESULTS
The article selection process is summarized in Figure 1 . In total, of the 1343 records retrieved, 122 articles were included in the analysis (Table 1) .
Annotators agreed fully on medical domains and SR systems evaluated. They agreed fully on the research topics for 69 of 122 (56.6%) articles. Forty (32.8%) of the partial agreement cases involved 1 annotator selecting an additional research topic or missing a relevant topic. In the remaining 13 (10.7%) cases, the annotators selected completely different research topics.
Research trends over time
Most articles (89.3%) were published in or after 2000 (Figure 2A ), with annual count fluctuating and peaking approximately every 7-8 years.
Overall, the largest proportion of studies (48 [39.3%]) were conducted in the radiology department, 13, 18, 20, 22, 24, 26, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] 45, 46, 48, 49, 52, 53, 56, [64] [65] [66] 70, 72, 75, [84] [85] [86] [87] [88] [89] [90] 92, 106, 113, [117] [118] [119] 127, 128, 130, 131 23, 25, 29, 37, 75, 80, 84, 99, 102, 103, 105, 111, 112, 119, 123, 124, 129, 133 and 6 (5.0%) studies did not directly evaluate an SR system. 49, 60, 72, 79, 98, 128 Most research topics, such as comparison to transcription, error analysis, SR use and impact on clinical workflows, and SR implementation, were studied throughout the review period. Since 2009, more studies have involved user surveys and interviews ( Figure 2B ).
Research topics
Documentation time/cost and productivity analysis The most common research topic was documentation time or cost and productivity analysis, which applied to 48 (39.3%) articles (Table 2). Survey of or interviews with current, future, and/or former SR users 16 (13.1) Implementation 11, 23, 32, 34, 47, 50, 55, 70, 75, 82, 110, 127, 128 Studies focused on the time during and immediately after SR implementation, including its impact on the hospital and/or individual clinicians
(10.7)
Comparison of commercial SR products 35, 69, 73, 94, 95 Comparison of 2 or more commercially available SR systems (eg, in terms of accuracy, cost, usability)
(4.1)
Effect on documentation quality 21, 25, 53, 129 Evaluation of how SR does or does not affect the quality of the documents produced, optionally with respect to a pre-existing reporting guideline or standard
Preparation for SR 12, 72, 76, 79 Studies focused on the lead-up to SR implementation, including such topics as staff training, SR system selection process, and more
(3.3)
SR: speech recognition.
a Annotators were instructed not to select "documentation time/cost and productivity analysis," "usage and workflow," or "methods," but instead to select 1 of the more specific subtopics. b Details can be found in Table 2. c Details can be found in Table 3. umentation process resulted in an increase or a decrease in overall documentation time compared with other input methods. Five studies reported decreases in documentation time following the introduction of SR technology, 11, 13, 18, 20, 21 with observed reductions ranging from 19% with SR-assisted transcription compared with conventional transcription 13 to 92% with SR compared with a keyboard and touchscreen interface. 21 A sixth found that total documentation time began to decrease compared with conventional transcription as the SR system's error rate fell below 16%, 19 and a seventh estimated an 89% decrease in documentation time with SR compared with conventional transcription. 23 However, 9 studies reported increased documentation times 10,12,14-17,22,24,29 and 4 reported no significant change. [25] [26] [27] [28] Reported increases ranged from a 13.4% increase in mean document creation time 22 to a 200% increase in mean dictation and correction time with SR compared with conventional dictation and transcription. 17 Studies also varied in which aspect of the documentation process they evaluated. For example, while most studies evaluated SR-assisted documentation in terms of clinicians' productivity, Mohr et al 16 was 1 of few studies to investigate the impact of SR on transcriptionists' productivity, finding that editing SR-generated reports took longer than traditional dictation and transcription. The second most frequent productivity measure was report turnaround time, which was evaluated in 19 of 48 (39.6%) articles. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] All 19 found that implementing SR technology reduced mean and/or median turnaround times, often by more than 90%. 30 reported increased costs, citing greater software expenses 17 and the fact that highly paid physicians needed to spend more time editing their notes. 24 The remaining paper proposed an econometric model for estimating the impact of SR and transcription on documentation-associated cost intended to help institutions decide which is most suitible. 49 
Error analysis
The second most prevalent research topic, analysis of errors in clinical documents created with SR technology, applied to 29 (23.8%) articles (Table 3) . 10, 13, 15, 19, 20, 24, 26, 33, 41, 44, 57, 59, 64, 66, [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] 132 Of these, 15 (51.7%) evaluated errors in SR-generated radiology reports. 20 The papers typically included error identification and classification frameworks, although these varied widely in scope and granularity. Some had a very narrow focus, such as a study that determined the rate of laterality errors in radiology reports. 87 Others had classification schemas with more than 10 distinct error types. 85, 132 There was also substantial variation in the number of speakers and reports evaluated ( Generally, studies comparing SR and transcription in terms of productivity found greater clinician productivity with SR than with traditional dictation and transcription (see Documentation Time/ Cost and Productivity Analysis). However, studies comparing accuracy unanimously found more errors in self-edited SR-generated reports compared with those transcribed or edited by professional transcriptionists. For example, 1 study found that 23% of reports created with SR contained errors, compared with only 4% of those created with conventional dictation and transcription. 85 Another found that 25.6% of SR reports contained errors, compared with 9.3% of those that were dictated and transcribed. Findings were mixed regarding whether user characteristics (eg, gender, native language, experience level) impacted SR performance. For example, while some studies 62,67 reported significant differences in recognition rates between male and female speakers, others did not. 61, 63 Similarly, some studies 56, 62 found that experience level significantly impacted error rates, while others found no difference. 64, 66 All 3 studies investigating the impact of native language and/or accent found significant differences in recognition rates between native and non-native speakers. 64, 66, 67 Of studies evaluating 84 Strahan and SchneiderKolsky (2010) 41 Basma et al (2011) 85 Chang et al (2011) 86 Luetmer et al (2013) 87 Hawkins 
Study design
Controlled lab setting, cross-sectional by input method, with real reports 20, 44, 94 Controlled lab setting with real reports 92 Controlled lab setting with fictional patient scenarios 93 Retrospective, cross-sectional study with real reports 33 Number of speakersd Median: 1. SR implementation and other topics Thirteen (10.7%) studies addressed issues related to implementing SR in a healthcare setting, in which authors outlined the SR implementation process, often drawing from personal experience and including guidelines or suggestions for other institutions considering adopting an SR-assisted documentation workflow. 11, 23, 32, 34, 47, 50, 55, 70, 75, 110, 127, 128 Similarly, 5 (4.1%) studies conducted comparisons of commercially available SR products, presenting the benefits and drawbacks of each system to assist potential users in deciding between these systems 35, 69, 73, 94, 95 and 4 (3.3%) described how hospitals can effectively prepare for SR adoption. 12, 72, 76, 79 Finally, 5 (4.1%) studies investigated the effect of SR on documentation quality. 21, 25, 53, 129, 133 For example, 1 study found that SR implementation lowered the percentage of progress notes involving copying and pasting from 92.73% to 49.71%, resulting in reduced errors and higher quality notes. 133 However, another found that SR (in combination with a picture archiving and communication system), despite allowing for faster report access, ultimately negatively affected documentation quality by limiting the time available for face-to-face communication between the radiologist and other clinicians before report creation. 53 A third study found substantial differences in the type and frequency of words present in dictated notes versus typed notes, potentially affecting not only note quality but also the performance of downstream systems such as natural language processing-based clinical decision support tools. 129 
DISCUSSION
We systematically reviewed articles retrieved from 10 scientific and medical literature databases spanning nearly 3 decades to assess the state of current research on the use of SR technology for clinical documentation and identify knowledge gaps and areas in need of further study. Overall, we found that existing research has focused largely on 3 topics: (1) the impact of SR on documentation time/cost and productivity, (2) the accuracy of SR-generated clinical documents and analysis of errors produced by SR systems, and (3) the relationship between SR and traditional dictation and transcription, including comparisons between the 2 documentation modes and analyses of how they can be used together.
In general, there has been a relative lack of studies conducted in nonradiology settings, although the magnitude of this inequity has lessened in recent years as SR use has become more widespread. However, assessing the accuracy and utility of SR on a large scale remains difficult due to continued inconsistencies in how these factors are evaluated. For example, although many studies reported differences in documentation time with SR compared with other input methods, some reported pre-and post-SR documentation times, while others only reported the actual time difference, making it difficult to compare time savings across studies. Similar heterogeneity exists in other commonly reported metrics, such as accuracy and cost.
Fewer articles involved SR methodology compared with other research topics, and most methodology articles were published before 2008. This may be because many hospitals now use SR systems provided by third-party vendors who manage and maintain the actual SR architecture (eg, language and acoustic models). Methods for automatically detecting errors in clinical documents created with SR technology have received particularly little attention. As SR-assisted documentation has become more prevalent, clinicians have expressed concerns about its accuracy and potential impact on document quality.
Clinical notes are a significant source of interprovider communication, and questions about the potential impact of SR technology on note accuracy, clarity, and completeness warrant careful study. Previous studies have shown that incorrect information in the EHR is a contributing factor in up to 20% of EHR-related malpractice cases and that copy-and-paste in particular contributes to 8%-10%. 135, 136 Among studies investigating how using SR to create notes affects the medical or linguistic quality of the document produced, results were mixed regarding whether SR technology was a help or a hindrance. Studies evaluating use of SR with templates or structured reporting were similarly mixed, suggesting that SR may not function well with current structured documentation methods.
Future directions
Based on the trends described previously, we have identified multiple aspects of SR-assisted documentation in need of further study, including, but not limited to, the following.
Impact on document quality and patient safety Previous studies evaluating how SR affects documentation quality, particularly when used with structured reporting, indicate a need for additional research. Further investigation involving a broad range of input methods and documentation scenarios is needed to understand where and how SR can most appropriately and successfully be integrated with and used in the EHR. Studies have demonstrated that clinicians often underestimate errors generated by SR and do not have sufficient time to review their dictated documents. 84 Education and training about SR-associated errors emphasizing the importance of manual revision and editing is needed, as is investigation into the effect of SR use on patient safety and outcomes. Differences in notes' linguistic quality may also impact the performance of downstream natural language processing tasks.
SR usability and clinical workflow
Choice of documentation method plays a key role in clinicians' satisfaction and their ability to perform their work efficiently and effectively. Therefore, studies focusing on understanding clinicians' practices, preferences, and potential concerns before, throughout, and after the SR implementation process remain necessary. Many well-studied and proven tools exist for measuring the usability of EHR and other software applications. 137 Usability of EHR systems in general is a widely studied topic. 138, 139 However, only in recent years has usability of EHR systems integrated with SR software become its own area of study. 25, 79, 83 SR technology allows physicians to dictate and edit their notes directly to the EHR without further assistance from traditional transcription or scribe services. While such a solution may reduce transcription costs, it may increase clerical burden to physicians already experiencing burnout. 140 The development of robust and standardized scales, questionnaires, and other tools tailored for evaluating SR usability and clinical workflow may help identify specific problems and possible solutions.
Standardization of evaluation methods and metrics
Given the rising prevalence of SR in medical settings, not only for documentation but also in other aspects of health care and delivery (eg, voice-enabled care), the need for standardized methods and measures for evaluating its accuracy and effectiveness is greater than ever. Many of the reviewed studies offered imprecise or overlapping definitions of similar, but distinct, productivity measures. While some measures (eg, time to report availability) may directly impact patient care, others may impact clinician workflow (eg, dictation time) or reimbursement process (eg, turnaround time); as such, these measures may be worth studying and reporting independently. In addition, the phrase "error rate" has been applied at both word and document levels, and many studies only report 1 or the other of these metrics, despite the fact that both are useful measures of SR accuracy and should be reported. A recent review identified a similar pattern in studies about radiology report accuracy. 4 Our findings suggest this trend is widespread, as it held true for articles related to emergency medicine, internal medicine, nursing, pathology, and more. This issue also exists in EHR usability analyses more broadly. For example, a 2017 review of literature related to EHR navigation found wide variation in the vocabulary used to discuss the same navigation actions and concepts. 141 The economic impact of SR adoption has also been inconsistently reported, despite increased financial pressures faced by many health care institutions. Therefore, systematic means of assessing the financial impact of different documentation methods, both prospectively (eg, by developing an econometric model 49 ) and retrospectively, are also needed.
Automatic error detection
Error detection systems intended for use with medical text have primarily been designed for written (typed) text. 142, 143 Typing errors frequently involve misspellings, while SR errors involve words which are spelled correctly (as an SR engine will only propose words that exist in its dictionary) but are incorrect given the context. Many studies included analyses of errors in documents created with SR; however, comparatively little work has been done toward developing automated methods of detecting and/or correcting these errors. While this may be partially due to researchers' lack of access to the inner workings of the "black box" of vendor SR systems, previously attempted post-SR error detection tools have shown promise in their ability to identify, and thereby ultimately reduce, errors. [118] [119] [120] The development of automatic error detection methods for SR-generated medical text to improve document quality and patient safety therefore represents a significant research opportunity.
Limitations
Although we took steps to reduce the likelihood of having missed articles, including iteratively developing the search statements and screening the references of retrieved articles for additional papers, the database searches may not have yielded all relevant articles published during the time period of interest. Additionally, the included papers remain subject to reporting bias, and the heterogeneity of the included studies limited the ability to conduct a robust quantitative synthesis of their findings, even within individual research topics. Finally, the research topics we defined are subjective and based on the authors' prior knowledge and understanding of the field.
CONCLUSION
SR technology is increasingly used for clinical documentation. Research has been done to examine the effects of this technology on report accuracy and clinician productivity, largely focusing on a few clinical domains such as radiology and emergency medicine. However, a need remains for research to better understand SR usability when integrated with the EHR or other platforms, its impact on documentation quality, efficiency and cost, and user satisfaction over time and across different clinical settings. Standardized, comprehensive evaluation methods are also needed to help identify challenges and solutions for continued improvement.
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